Abstract
focus to achieve higher efficiencies. 3 This research documents the performance and sources of inefficiencies of a vertical-bore GSHP 4 over a continuous 12-month period in a house operated under simulated occupancy conditions. 5 6 The research house has a total conditioned space of 253 m 2 , a conventional attic, and a crawl a SHGC of 0.17. Additional details of the building envelope may be found elsewhere [23] . 20 
Experimental facilities and methodology

Building envelope
21
The residential house has a Home Energy Rating System (HERS) Index of 51. In comparison, a 
Vertical bore
11
The vertical-bore consisted of one, 1.9 cm ID high density polyethylene (HDPE) tube bent into a
12
U-shape at the bottom of a 94.5 m vertical bore. The "brine" contained a water-propylene glycol are not one-of-a-kind models. Note that the OEM calls these compressors two-stage, and not 9 two-speed as would be the case if a drive mechanism was used to achieve the two speeds.
11
The blower motor is a 373 W electronically commutated motor (ECM in the heating and cooling modes are at most ±0.0172 and ±0.0204, respectively.
6
The pressure drops in connecting lines between various components were taken as 1 − 1.5% of 7 the upstream pressure, based on the original equipment manufacturers (OEMs) data. A 8 schematic of the WA-GSHP is shown in Figure 1 with the control volume (CV) for mass and 9 energy balances, and Exergy analysis. The general mass balance applied between any two state points in Figure 1 is given by, Eq. and the general energy balance applied between any two arbitrary state points is expressed [27] as, of accumulation of energy within the control volume (as demarcated in Figure 1 ); E CV = U + On the basis of Eq. (3), the monthly aggregated component-wise energy inputs and outputs are 14 shown in Table 1 and Table 2 , respectively, with agreement between 2.4-3.9%.
16
One of the benefits and a strong argument in favor of GSHPs for residential space heating is the 17 high percentage (> 75%) of the total energy needed for space heating that is extracted from the 18 ground, shown explicitly in Table 3 . Unlike an air-source heat pump, the GSHP operates 19 favorably with respect to its heat sources and sinks. In the heating season, the GSHP extracts 20 energy from the ground (source), which is warmer than the ambient air, and in the cooling 21 season, the GSHP rejects thermal energy to the ground (sink), which is cooler than the ambient air. In this respect, the GSHP is in harmony with its environment. In contrast, the air source heat 1 pump extracts energy from the colder air (source) during winter time, and rejects heat to warm 2 air (sink) during the cooling season. The air source heat pump thus operates unfavorably against 3 the environment. This is the reason why intrinsically, the GSHPs are more efficient that its 4 counterpart, the air source heat pumps. The measured OAT and EWT temperature profiles are 5 shown in Figure 2 . Clearly, we want the EWT to be warmer than the OAT in winter. Table 4 along with a plot of the electricity use 11 profile shown in Figure 3 . At $0.11/kWh, the average monthly cost of space conditioning is only
12
$40/month.
14
Having shown the goodness in energy balances, and the low electricity use of the vertical-bore
15
WA-GSHP, we now discuss the sources of systemic inefficiency. 
Exergy Analysis
18
The general entropy balance equation applied to various state points within the control volume is 19 given by [27] ,
where Total σ is the sum of the entropy generation rate due to internal irreversibility and those due 1 to irreversible transfer of thermal energy between the respective CV and its surroundings. Eqs. (1) and (2) and (4) applied to the compressor yields,
The rates of compressor heat rejection, o Q , entropy production,
, and irreversibility,
are calculated from Eqs. (5) - (7) in conjunction with data tabulated in Table 5 .
11
The discharge of thermal energy from the refrigerant to the brine loop occurs at the temperature Table 5 is constructed with these stipulations in mind where Eqs. (1), (2), and (4) are 21 repetitively applied to each segment of the WA-GSHP yielding the component-wise monthly 22 entropy production and irreversibility given by the product of I and run times, as tabulated in 1   Table 6 and Table 7 and their relative magnitudes shown in Figure 4 . From an energy 2 conservation point of view, the Lost Work is more important than the irreversibility rate because 3 it represents the magnitude of systemic inefficiency. Figure 4 shows graphically that the 4 compressor and the indoor coil are the two major contributors to systemic inefficiency in terms 5 of irreversibility rates, and total irreversibility (Lost Work). Table   3 8. The Carnot COPs for the heating and cooling periods required to evaluate the first term on the 4 right-hand side of Eq. (8) are calculated as follows:
Cooling mode: ( )
Agreement between the actual (measured) compressor power, energy, and pump plus fan and controls energy are excluded from Eq. 12.
19
The results are tabulated in where, once again, the terms in the numerator and denominator are multiplied by the run time 10 and divided by 1000 to convert to kWh. As for the heating cycle, we calculate the COPs when 11 pump, and pump plus fan and controls are excluded. The cooling cycle results are displayed 12 inTable 10. In the cooling season for months with significant run times, the penalty on COP due 13 to the pump and pump plus fan and controls can vary from 13% to 25%, respectively. that only a portion of the pump and fan power sufficient to overcome the internal resistance shall 10 be included in the effective power input. Delivered energy and pump power are partly dependent 11 on brine pressure which we had to adjust periodically. This was part of the learning process in 12 getting the loop to operate as best as we could. Such adjustments influences the energy drawn 13 from the brine loop, the pump and fan power which in turn influences the overall COP. These 14 nuances including a problem with a zone damper explain the slightly lower heating COP (3.49) 15 in March compared to that in December even though the EWTs are close in value. We quantify 16 the differences in COP that can emerge if the power from the pump, fan, and controls are 17 discounted which can be as much as 30%. Remarkably, most of the time the compressor operated 18 in the low stage (Table 9 and Table 10 ) while still meeting loads, and strikingly, virtually no 19 auxiliary heat was needed during the heating season ( Table 2 and Table 9 ) except for a negligible inefficiency is the compressor, followed by the indoor HX, followed by the brine GLHX as 23 
25
shown in Figure 4 . Without Exergy analysis it would not be possible to identify sources of 1 irreversibility. Although the rate of irreversibility Total I is fairly constant in each month (Table 6) the need for any auxiliary heat (Table 2 ). More than 75% of the entire heating load was extracted 18 from the ground (Table 3) proving that the ground's resource of thermal energy can be extracted 19 for a large portion of space heating load. Although the irreversibility rate did not show much 20 variation from month to month (Table 6) , the total irreversibility, or Lost Work which depends on 21 run times, was highest during the peak cooling and heating seasons when run times are high
22
( Figure 4 ). Exergy analysis identifies sources of systemic inefficiency. calculated on the basis of total power input including full power from pump, fan, and controls.
8
The penalty of pump, fan, and control board power consumptions on COP shown in Table 9 The numbered items refer to state points, and the dashed boundary refers to the system 4 boundary. 
